We show that the magnetic potentials produced by a chiral ferromagnetic film can be applied to control ultracold atoms. The film can act as a magnetic mirror or a Kagome reflection grating for atom optics when it is in the helical phase or the skyrmion crystal phase respectively. After applying an uniform magnetic field, we can get an array of one-dimensional guides or two-dimensional magnetic lattices with honeycomb, Kagome, triangular types for the ultracold atoms. Our results here suggest the chiral ferromagnetic film as a novel platform to develop artificial quantum systems with ultracold atoms based on modern spintronics technologies.
INTRODUCTION
In the past three decades, the continuously developing techniques to cool, trap and manipulate neutral atoms with electromagnetic fields have lead to the explosive prosperities of the ultracold atom physics [1] . The quantum nature of the ultracold atom gases will emerge after suppressing the thermal fluctuations, and these artificially controllable quantum systems provide the ideal platforms for realizing Bose-Einstein condensation, simulating quantum many-body phenomena, performing quantum computation, designing atomic interferometers, etc. Two typical mechanisms to control the neutral atoms are the Stark energy shift in the highfrequency optical field and the Zeeman energy shift in the inhomogeneous magnetic field. The former has been widely applied to construct optical lattices for ultracold atoms, which play the crucial role in design various quantum simulators [2] ; while the latter lays the foundation to design and develop atom chips [3] . In fact, the two mechanisms are more often combined together to achieve the best level of control of the ultracold atoms.
Several strategies have been developed to produce the desirable magnetic field to control ultracold atoms. The most flexible approach is to fabricate current-carrying conductive microstructures to generate the Oersted's field, which has been applied to guide and trap ultracold atoms in various configurations [4] . This approach however suffers from the Johnson thermal noise and wire roughness for miniature devices. Another alternative way is to utilize the permanent ferromagnetic films with artifical patterns as the effective "magnetization current" [5, 6] , which however is hard to be reconfigured and switched off. Besides, there also exist other theoretical proposals to generate magnetic lattice for ultracold atoms, such as the vortex array in the film superconductors [7, 8] and time-periodic magnetic field pulses [9, 10] .
In addition to the artificial patterns, nonlinear magnetic textures can also induce inhomogeneous configurations of magnetic field near the surfaces of the ferromagnetic films. Indeed, West et al. have demonstrated the ability to manipulate ultracold 87 Rb atoms by magnetic domain walls in planar magnetic nanowires [11] . Recently, the chiral ferromagnetic materials which lack spatial inversion symmetry and have finite Dzyaloshinskii-Moriya interaction(DMI) [12, 13] have attracted broad research interests [14, 15] , mainly due to the discovery of magnetic skyrmions therein [16] [17] [18] [19] [20] [21] and the promising applications to develop spintronics devices [22, 23] . The magnetic field distributions near the surfaces of chiral ferromagnetic films in the skyrmion crystal phase have also been investigated in detail [24] . In this paper, we propose that the chiral ferromagnetic films can be utilized to control ultracold atoms in various manners, which show attractive advantages over the conventional approaches.
BASIC PRINCIPLE
When an atom with magnetic dipole moment µ is moving in an inhomogeneous magnetic field B(r), it will experience the Stern-Gerlach force given by the potential energy U (r) = −µ · B(r). If the change of the magnetic field felt by the atom is much slower than its Larmor precession, its magnetic moment will adiabatically follow the direction of the magnetic field, and the potential energy now depends only on the modulus of B(r) as U (r) = m F g F µ B B(r) [3] . Here, g F is the Landé factor, µ B is the Bohr magneton, and m F is the magnetic quantum number of the atom. Therefore, the atom will be in the strong-field seeking state for m F g F < 0 and in the weak-field seeking state for m F g F > 0. Since no minimum can exist in the potential U (r) for the strong-field seeking state according to the Earnshawn's theorem [3] , only the atoms prepared in the weak-field seeking state can be magnetically trapped.
We take a minimal model Hamiltonian to describe the chiral ferromagnetic film [22] 
Here, m(r) is the normalized magnetization distribution of the film; J and D denote the strengths of Heisenberg exchange interaction and DMI respectively, and B is the applied magnetic field perpendicular to the film. As shown in Fig. 1 in the film depending on the strength of magnetic field B [22] . When B = 0, the competition between the first two terms in (1) results in the helical (H) phase with a modulation period proportional to J/D. When B is extremely large and becomes dominant in (1), the film will be driven into the ferromagnetic (FM) phase. In the medium range of B, the phase of magnetic skyrmion crystal (SkX) will emerge in the film. As discussed below, the helical phase of the chiral ferromagnetic film is a natural candidate to design elementary devices including mirror, grating, guide for atom optics; while the SkX phase can be utilized to generate several types of two-dimensional magnetic lattices for ultracold atoms at nanoscale.
HELICAL PHASE AND MAGNETIC MIRROR, GRATING, AND GUIDE
The one-dimensional periodic magnetization configuration of the helical phase mimics the structure of magnetic mirror for ultracold atoms made from the permanent ferromagnetic materials in previous experiments [3, 25] . Nevertheless, utilizing the helical phase in chiral ferromagnetic film to realize magnetic mirror is attractive, since it can be spontaneously formed as the ground state and also be easily switched off by a strong magnetic field, which avoids the complex fabrication processes compared with the artificial microstructures with periodic patterns [3, 25] . Moreover, the period of the helical phase may also be tuned by engineering the DMI [26, 27] , which thereby makes it flexible to control the ultracold atoms.
The magnetization configuration of the helical phase can be approximately described by a single-Q state
Here,ê z is the unit vector normal to the film and Q defines the wavevector of the helical state; the unit vectorê is determined asê =ê z ×Q for the Bloch-type DMI given in (1); A is the magnitude of helical state imposed on the uniform magnetization m 0 . The delta function δ(z) here implies that the thickness of the film is neglected. Similar to the case for skyrmion crystal phase [24] , the magnetic field distribution generated by the helical phase is explicitly expressed as
and its modulus is B h (r) = AQ 2 e −Q|z| . As shown in Fig. 2(a) , the helical phase of the chiral magnetic film will build up an exponential repulsive potential to reflect the ultracold atoms at week-field seeking state, i.e. a magnetic mirror [3] . The decay length of the potential is proportional to the period of the helical phase, which is usually about a few tens of nanometers or even smaller for typical chiral ferromagnetic materials [22] . Therefore, a much harder magnetic mirror for ultracold atoms can be achieved with the chiral ferromagnetic film in comparison to the conventional methods, where the period and decay length are usually in the order of magnitude of micrometer [3] .
The profile of magnetic potential will be modified significantly when an uniform static magnetic field B is turned on [3, 25] . Assuming that B = AQ 2 (0, 0, B z ) and the helical phase is still stable, the modulus of the total magnetic field B(r) now becomes
Such a manipulation creates an one-dimensional periodic potential for the ultracold atoms in the plane parallel to the film. This in fact forms an effective reflection grating for the incident atoms [25] , which will attain the period in the range of nanometers and hence greatly extend the border of current technologies. On the other hand, when B z < 1, the modulus B(r) will achieve its minimal value B min = 0 along the parallel lines defined by cos(Q · r min ) = −1, |z min | = − 1 Q ln B z . Therefore, the magnetic potential around each line will become a guide to trap the ultracold atoms, as shown in Fig. 2(b) . The trapping height |z min | depends on the applied magnetic field. When B z is continuously increased, the guides will get close to the film and finally disappear at B z = 1. The barrier height between two neighbouring guides is V barr = 1 2 m F g F µ B AQB z , which determines the tunnelling rate of the trapped ultracold atoms between guides.
More complex magnetic potentials for ultracold atoms can be constructed based on the helical phase in chiral ferromagnetic films. For example, if the applied magnetic field is along the magnetic stripes of the helical phase, the reflection plane of the magnetic mirror will be shifted toward the film [25] . Then a vibrating magnetic mirror for the ultracold atoms can be realized if the applied field is harmonically oscillated [25] . Furthermore, a "moving grating" or "conveyor belt" [25] can be obtained if a magnetic field is rotating in the plane perpendicular to the magnetic stripes. Without going into details, we would like to emphasize that the helical phase in chiral ferromagnetic films has widespread applications to develop and design various elementary devices in atom optics.
SKYRMION CRYSTAL PHASE AND MAGNETIC LATTICES
The more intriguing phenomena in chiral ferromagnetic films is the phase of magnetic skyrmion crystal(SkX), which can occur in the presence of an external magnetic field [22] . Due to its topologically protected nature, the SkX phase can even exist as a metastable state after withdrawing the applied magnetic field [28] . The magnetic field distributions generated by Bloch-type and Néel-type SkXs have both been investigated thoroughly [24] , and can be used to construct twodimensional magnetic lattices for ultracold atoms. Here, we will focus on the Bloch-type SkXs given by the Hamiltonian (1), and the similar results can be obtained for the Néel-type SkXs.
The magnetization configuration of the Bloch-type SkX is approximately described by a triple-Q state [22, 24] 
Without loss of generality, the wavevectors Q i = QQ i here are set asQ 1 = (1, 0, 0),
2 , 0), which also give the set of unit vectorsê i =ê z ×Q i . Then the spatial distribution of magnetic field generated by Bloch-type SkX is explicitly expressed as [24] B skx (r) = AQ 2 e 2 Qy). The minimal value of F(x, y) is 1, which will be reached on a Kagome lattice. Considering the exponential decay of B skx (r) with |z|, the chiral ferromagnetic film in the SkX phase in fact acts as a "Kagome reflection grating" for the incident atoms prepared in the weak-field seeking state, as shown in Fig. 3(a) .
The magnetic potential for ultracold atoms here can also be modified by applying an external magnetic field B. For the case B = AQ 2 (0, 0, B z ) and the SkX phase is not destroyed, the modulus of the total magnetic field will be B(r) =
F(x, y). Hence, the magnetic potential will be finite and homogeneously distributed as |z| → ∞. By tuning the applied magnetic field B, the minimal value B min = 0 of B(r) can be achieved at periodic arrays of points with finite |z min |, which thus establishes twodimensional magnetic lattices to trap ultracold atoms.
Three types of two-dimensional magnetic lattices for ultracold atoms can be formed here:
(I) Honeycomb lattice if 0 < B z < 3/2. As shown in Fig. 3(b) , the zero points of the magnetic potential will appear at the centers of the triangles consisting of three nearesest skyrmions, while the trap height is given as |z min | = − 1 Q ln( 2 3 B z ). The honeycomb optical lattices have been proposed [29] and realized to trap the ultracold atoms, which then are able to simulate the exotic phenomena including the superfluid-toMott-insulator transition [30] , Dirac points [31] , quantum anomalous Hall effect [32] , etc. Therefore, similar physical phenomena of the ultracold atoms are expected when they are trapped by the honeycomb magnetic lattice here.
(II) Kagome lattice if 0 < B z < 1. In addition to the honeycomb magnetic lattice, the magnetic potential also reaches zero at the middle point between any two nearest skyrmions, as shown in Fig. 3(c) . The height of these points is |z min | = − 1 Q ln B z , thus the Kagome lattice here is more close to the film surface than the honeycomb lattice when the two coexist. Kagome lattice has the intriguing ability to host flat band states of ultracold atoms, which is an ideal platform to study quantum many-body physics. Hence, the chiral ferromagnetic film provides a novel platform to realize the Kagome lattice for ultracold atoms in addition to the optical method [33, 34] .
(III) Triangular lattice if −3 < B z < 0. In this case, the magnetic field B is along the −ê z direction. As shown in Fig. 3(d) , the zero points of magnetic potential locate on the center of each skyrmions with the height
. Similar to the case of optical lattice, the triangular magnetic lattice here can also be useful to simulate geometricaly frustrated magnetism with ultracold atoms [35] .
If the applied magnetic field is out of the range discussed above, i.e. B z > 3/2 or B z < −3, no magnetic lattice can be formed to trap the ultracold atoms. Besides, it should be noted that the SkX phase may become unstable and be washed out if the applied magnetic field is too strong.
DISCUSSIONS AND CONCLUSION
Even through the chiral ferromagnetic film is an attractive platform to control the ultracold atoms, there are still several issues to be addressed for practical performances. First of all, the spontaneous spin flips of the ultracold atom will occur near the potential minimum B ∼ 0, which then shorten their storage time in the magnetic traps [36] . As suggested in previous studies [8] , this so-called "Majorana loss process" could be suppressed by applying an effective time-averaged orbital potential [37] , where the loss rate will be exponentially reduced [8] . Secondly, imperfections will always be introduced to the magnetic potential by the unavoidable defects in chiral ferromagnetic film, such as the bent helical stripes, irregular array of skyrmions, or even their mixtures [22] . In order to get ideal magnetic lattices, it will be critical to improve the quality of chiral ferromagnetic film and get perfect magnetic patterns. Finally, the trapping height of the ultracold atoms will be tens of nanometers, which is so close that the Casimir-Polder force between the atoms and the film surface will be significantly enhanced [3] . Therefore, the dynamic behavior of ultracold atoms interacting with the chiral ferromagnetic film should be highly different from the case of optical lattice, which needs to be explored further.
In conclusion, we have investigated the possibility to control ultracold atoms with the magnetic potentials produced by the chiral ferromagnetic films. We demonstrate that the helical phase therein can be utilized to develop magnetic mirror, reflection grating, onedimensional magnetic lattice, etc. On the other hand, we show that the skyrmion crystal phase therein acts as a Kagome diffraction grating, while honeycomb, Kagome, and triangular magnetic lattices can be created individually by tuning the applied magnetic field. Compared with current top-down techniques to produce magnetic potential for ultracold atoms, the strategies based on chiral ferromagnetic films here belong to the bottom-up category and will be more flexible and controllable. With the benefit of the continuous advances of the spintronics technology and material science, the interactive ultracold atoms and chiral ferromagnetic films will be a promising platform to demonstrate exotic physics phenomena and develop novel quantum techniques. 
